Abstract. The purpose of this paper is (1) to investigate the similarity of the amount, distribution, and, severity of periodontal disease of the within-patient experimental units, (2) to estimate the relative efficiencies of split-mouth designs when compared to whole-mouth designs, and (3) to discuss how stratification on initial pocket depth can result in large differences in the power of the teststatistics in the different disease categories. Periodontal disease characteristics are not always homogeneously distributed over the within-patient experimental units and this heterogeneity can reduce the efficiency of split-mouth designs. In particular, if analyses are stratified on initial pocket depth, sites with an initial probing depth deeper than 6 mm may be small in number and asymmetrically distributed when compared to sites with an initial probing depth less than 6 mm. This may result in large differences of the power of the test statistics among the different disease categories and should lead to a careful interpretation of the statistical significance tests. When disease characteristics are symmetrically distributed over the within-patient experimental units and a sufficient number of sites is present per expenmental unit, the split-mouth design can provide moderate to large gains in relative efficiency. In the absence of a symmetric disease distribution, wholeinouth clinical trials may be preferable.
At least 11 different types of splitmouth design have been described in the periodontal literature. The design is characterized by the subdivision of the mouth into quadrants, posterior sextants, contra-or ipsi-lateral sextants or quadrants, or, (a) symmetric combinations of these. Subsequently, the 2, 3, or, 4 within-patient experimental units are (randomly) assigned to a range of 2 to 6 different periodontal treatment modalities. The expectation for these designs is that they provide a powerful tool for the comparison of periodontal treatments by increasing the efficiency of the statistical tests. However, minimal information is available as to how efficient split-mouth designs are, and, as to which design provides the most homogeneous experimental units and a maximum amount of information.
It has been suggested that the distribution of the quantity, location and seventy of periodontal disease may be so un-equal (dissimilar) within a mouth that it forms a contra-indication for split-mouth designs (Imrey 1986) . Bone loss in the maxilla tends to be more severe than in the mandible, except for the anterior region where the situation is reversed (Carranza 1984 , MarshallDay et al. 1949 , Beagrie et al. 1962 . Also, there may be a slightly higher tendency to gingivitis on the right half side of the arch than on the left half side (Suomi et al. 1968) . Although randomization should balance out these asymmetries as sample sizes get larger, the noise or the experimental error of splitmouth designs may be needlessly augmented by the choice of heterogeneous experimental units.
A better perception of the efficiencies of the different types of split-mouth designs can lead to insights in the statistical results of clinical trials and help in the planning of future clinical trials. The purpose of this study was (1) to investigate the similarity and suitability of 7 different types of split-mouth designs and (2) to investigate the relative efficiencies of split-mouth designs as compared to whole mouth-designs, and (3) to evaluate the precision of the splitmouth designs in the different disease categories. The consequences of the statistical design for the interpretation of treatment comparisons in clinical trials are discussed. Validity issues of splitmouth designs, such as problems with carry-over effects, are not addressed in this paper.
Material and Methods

Subjects
A set of 69 patients with advanced adult periodontitis seen at the graduate periodontal clinic of the University of Michigan who participated in double blind randomized clinical trial were used to investigate the similarity and the suitability of the within-patient experimental units at baseline. 7 different types of split-mouth design were investigated: (1) ipsi-lateral quadrants (ILQ), (2) ipsilateral sextants (ILS), (3) contra-lateral quadrants (CLQ) (4) contra-lateral sextants (CLS) (5) quadrants (Q), (6) posterior sextants (PS), and (7) (all) sextants (S).
A subset of 38 patients who received uniform treatment (scaling and root planing) over all within-patient experimental units and were re-evaluated 6 weeks post-therapy were employed to determine the relative efficiencies of the split-mouth designs. This type of trial where all within-patient experimental units receive a similar treatment is comEfficiency of split-mouth designs 723 monly referred to as a uniformity trial (Cochran 1937) . The material and methods will be presented in two parts: (a) investigation of similarity and suitability on the baseline data of 69 patients, and (b) investigation of the relative efficiencies of different types of split-mouth clinical trials on the sample of 38 patients.
Similarity and suitability of experimental units
The similarity of the experimental units at baseline was investigated with respect to (a) the amount, (b) the distribution, and (c) the severity of periodontal disease.
(a) The amount of periodontal disease within an experimental unit was represented by mean probing depth and attachment level measurements. All measurements were taken by a single examiner who had been periodically calibrated for consistency of measurements. Similarity of these measurements for the experimental units were investigated with a weighted two-factor analysis of variance: one random factor bcing the patient and a fixed factor being the experimental units. The variance component of patients (s,') and of sites within patient ( s ; ) were detcrmined with a variance components analysis and used to weigh the mean experimena1 unit values by the inverse of slz+ s;/n, where n is the number of sites (Healy 1972 , Osborn 1987 .
(b) The distribution of periodontal disease within an experimental unit was represented by the variance of probing depth and attachment level measurements. The variance of the attachment levels tend to be close to zero with a horizontal attachment loss pattern and increase with an irregular pattern of attachment loss. Similarly, the variance of probing depth measurements tends to be close to zero when probing depth is uniformly distributed over the withinpatient experimental unit, and tends to increase as probing depth measurements are unevenly distributed over the within-patient experimental units. Since both variables exhibited substantial skewness, the data were re-expressed with a natural log transformation. The similarity of these indexes for the experimental units were compared using a two-factor analysis of variance. A multivariate ANOVA was used to investigate the similarity of the joint distribution of the variability of probing depth and attachment level measurements.
(c) The seventy of periodontal disease within an experimental unit was represented by the presence or absence of the two disease categories: pockets 4 to 6 mi deep, and pockets deeper than 6 nun. The binomial probability model was used in order to test the hypothesis that the proportion of patients with asymmetric disease severity is significantly different from zero.
Criteria for determining the suitability of experimental units is difficult since different clinicians use different criteria to determine the suitability of a particular experimental unit for a particular treatment. Only one criteria, the extent of disease, will be presented by the number of patients where in at least one of the experimental units the maximum probing depth did not exceed 3, 4 or 5 mm.
All analyses were performed using the Generalized Linear Model (GLM) and the Variance Components (Varcomp) procedures in SAS (SAS Institute Inc.)
Uniformity trial
The data were stratified according to initial probing depth into three disease categories: category I: probing depth < 4 mm, Category 11: probing depth 4-6 mm, category 111: probing depth > 6 mm. Site-specific differences in probing depth and attachment level measurements were obtained and mean values calculated per type of experimental unit. These data were analyzed using a twofactor analysis of variance with a sumsof squares due to grouping and a sums of squares due to error. This analysis was not weighted by the number of sites 
Contra-lateral quadrants (2) 0 ( to permit comparisons with earlier research. (Weighted analysis provided similar trends in the relative efficiency estimates for the different designs). All analyses were perfornied for the probing depth and attachment level measurements in the different disease categories and the overall mean values. 2 different error variances of wholemouth designs were determined. One whole-mouth error variance was estimated excluding the anterior teeth and used for estimating the relative efficiency of the ILS, CLS, and PS design.
The other whole-mouth error variance was cstimated using the whole dentition and was used to estimate the relative efficiency of the CLQ-ILQ-, S-, and Q design. Relative eficiencies of the different designs were determined as the inverse ratio of the variance of the splitmouth divided by the inverse ratio of the variance of the whole mouth as an experimental unit. The precision of the split-mouth design in the different disease categories was estimated as the inverse of the error variance.
Results investigation of slmiiarity
An evaluation of the 7 different types of split-mouth design revealed that significant differences between the experimental units existed with respect to the amount, distribution, and severity of periodontal disease. Significance levels are shown in Table 1 . The amount of periodontal disease as quantified by probing depth and attachment level measurements differed significantly between the within-patient experimental units for the ILQ-, ILS-, Q-, and Sdesign. Pocket depth and attachmat loss at baseline was significantly higher in the maxilla than in the mandible with the upper left quadrant being the worst. The distribution of periodontal disease as measured by the joint variability of probing depth and attachment level Table  2) . Pockets deeper than 6 mm (Category 111) were distributed asymmetrically for a significant proportion of the patients for all types of split-mouth design. This is primarily due to an absence of teeth with this degree of morbidity in the within-patient expenmental units. When the mouth is subdivided into more than two experimental, such as when the Q-or PS-design are used, over 50% of the patients have an asymmetric distribution of disease category 111. In fact, when the S-design were used 83% of the patients had at least one sextant where the probing depth did not exceed 6 mm ( Table 3) .
Investigation of the suitability of the within-experimental units revealed that in 6 out of 69 patients, there was at least one posterior sextant with probing depths no deeper than 3 mm. 14 out of 69 patients had at least one posterior sextant with probing depths no deeper than 4 mm. Specifics are summarized in Table 4 .
Investigation of relative efficiency
Site-specific differences of probing depths and attachment level measurements in patient who were scaled and root planed were compared before and after treatment using each of the different split-mouth designs. The relative efficiencies of the various split-mouth designs when compared to whole-mouth designs ranged from 0.6 to 9.3 depending on the disease category studied (Table 5 ). For this set of patients, divisions of the mouth into 2 experimental units are more efficient than divisions of more than 2. When the mouth is The relative efficiency number indicates how many more replications one will need with a whole-mouth design as compared to a split-mouth design to get the same precision on any cstimated treatment contrast. Note the inefficiency of designs where the mouth is divided into =ore than 2 experimental units. divided into 2 experimental units, the CLQ and CLS design are generally more efficient than their ipsi-lateral counterparts, and, the CLQ design is more efficient than CLS-design. A surprising observation was the inefficiency of the PS-design. The precision differed largely among the different disease categories. Measurements in disease category 111 can be up to 60 times less precise than measurements in disease category I.
Discussion
The split-mouth design has been the principal research tool in periodontal clinical trials to compare different treatment modalities. The actual design of the study has varied widely, ranging from simple designs where 2 treatments are assigned (randomly) to ipsi-lateral quadrants, to incomplete block designs where 6 different treatment modalities are randomly assigned to quadrants. Surprisingly, little information is available as to how efficient these different designs are, and, to which extent questions raised about the similarity in the quantity, distribution, and, severity of the periodontal disease may affect these efficiencies.
Data from this set of patients, who were consecutive admissions to the graduate periodontal clinic, suggest that periodontal disease is not always a symmetrical disease. From the different types of asymmetries investigated, the most significant problem is the absence of lesions of disease category I11 in an appreciable fraction of the within-patient experimental units. A review of the literature indicates that this observation is not limited to this group of patients. One study, which required symmetric disease distribution, screened 1500 patients to find 12 patients with symmetric disease, indicating that only 1 in 125 patients exhibited symmetric disease (Smith 1982) . This scarcity of symmetrically diseased patients may be one of the reasons why a symmetry of the periodontal lesions has not been required for entry into some studies. The absence af this entry criteria has several consequences: (1) there may be a loss of efficiency of split-mouth designs, to the extent that a whole mouth design may be more efficient; (2) elaborate statistical methods may be required to estimate treatment differences for more complicated split-mouth designs with missing observations, since none of the wellknown statistical packages will provide a correct analysis of variance (Milliken & Johnson 1984) ; (3) split-mouth designs can result in experimental units with minimal disease, which may be unsuitable to evaluate periodontal therapies.
The extent of disease necessary to justify periodontal therapy is a matter of debate. Where some clinicians find pockets of 4 mm suitable candidates for surgical correction, other clinicians may disagree (anonymous 1982) . Other suitability criteria may be important in clinical periodontal research: different patterns of bone destruction may require different surgical management styles (Schluger 1979) , different forms of periodontal disease may require different clinical managements (Page 1982) , and, different bacterial infections may require different antimicrobial treatments (Loesche 1979) . Clinicians and researchers have expressed their concern of these suitability issues and have suggested that results of studies may be falsely skewed against treatment modalities which are assigned to unsuitable experimental units (anonymous 1983) . Periodontal disease should not be regarded as one uniform disease entity, neither within nor across patients. These concerns of the suitability and the similarity of the experimental units and of the suitability of the assigned treatment modalities emphasize the need for blinded randomization processes. In fact, absence of randomization or non-blinded randomizations may produce biases which could determine the outcome to a larger extent than the treatments themselves (Chalmers et al. 1983) .
The interpretation of the statistical significance levels (P-values) of splitmouth clinical trials which have stratified their results according to initial pocket depth should be done with caution. Apart from problems with the choice of the primary statistical test (Hujoel & Moulton 1988) sampled in a disease category, the more accurate the mean measurement will be. It commonly occurs that the number of sites sampled in the different categories decreases with increasing disease severity. For instance, of the sites measured in this study, 52% of the sites had an initial probing depth less than 4 mm, 38% had an initial probing depth between 4 and 6 mm, and, 10% of the sites had an initial probing depth greater than 6 mm. A decrease in number of sites is accompanied by an increase in the standard error, a decrease in the within-patient correlation coeficient of the experimental units (Fleiss 1988) , and, as a consequence a decrease in the power (efficiency) to detect treatment differences. As a result, if similar true treatment differences exist in the different disease categories, they will be most evident (significant) in the disease category with the largest number of sites. (This phenomenon is further accentuated due to the increase of measurement error in deeper pockets).
ILQ
A second important design aspect of clinical trials whose result are stratified according to initial pocket depth is the percentage of patients with missing experimental units in the 3 different disease categories. Missing within-patient experimental units in a large number of patients will result in a rapid decrease of the sensitivity of an experiment due to the loss of the error degrees of freedom. The % of missing within-patient experimental units tends to increase with increasing disease severity. If we take, for instance, quadrants as experimental units of analyses for this study, all patients had quadrants with pockets in the 1 to 6 mm range, but 55% of the patients had at least 1 quadrant without pockets greater than 6 mm. As a result, the split-mouth design will be efficient (powerful) in pockets less than 6 mm, and less efficient when pockets are greater than 6 mm. This indicates that, if true treatment differences are present, statistical tests are more likely to detect significant treatment differences in disease category I and 11, than in disease category 111.
These 2 aspects of the design of a study may be responsible for the finding of statistically significant results of clinically insignificant changes (e.g., 0.04 mm) in shallow pockets (where a large number of sites are sampled and minimal patients have missing within-mouth experimental units), and, statistically insignificant results for clinically significant changes (e.g., 1.25 mm) in deep pockets (where a small number of sites are sampled and a large YO of patients have missing within-patient experimental units).
These problems often work in a synergistic fashion: the smaller the ' YO of sites in disease category 111, the more likely they will be distributed asymmetrically over the within-patient experimental units; the smaller the percentage of sites in category 111, the larger the YO of sites in category I and 11, where they are most likely distributed symmetrically over the within-patient experimental units. This results in large differences in the power of the test statistics in the different disease categories. It is like using an light microscope for detecting differences between treatment modalities in shallow pockets, and using the naked eye for detecting differences between treatments in the deep pockets.
The loss of efficiency in disease category I11 can be minimized by proper selection criteria. In the split-mouth experimental design, the primary sampling unit is the patient and the secondary sampling unit is the split-mouth. Apart from patient-specific criteria, split-mouth specific selection criteria should be applied when selecting pa- 
Resume
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